The following paper reports on the possibility of using a plasma, as the nonlinear medium, for generating phase conjugate reflection of electromagnetic waves in the microwave region, by almost degenerate four wave mixing.
INTRODUCTION
Phase conjugate reflection (PCR) is a general technique incorporating assorted nonlinear effects to pyoluce electromagnetic waves that retrace their paths exactly and undergo phase conjugation.
PCR via the almost degenerate four wave mixing (ADFWM) is generated in the following manner:
(See Fig. 1 Figure 1 . Geometry of phase conjugate reflection from a plasma A strong pump wave mixes with a weak signal wave, in a nonlinear medium (the plasma), to generate a density modulation (the "grating "). A second strong pump wave illuminates this grating and is Bragg diffracted from it, generating a fourth beam, which is the phase conjugate of the signal. The signal frequency is slightly shifted with respect to the pumps and so is the PCR beam.
The phase conjugation phenomena has been documented extensively, most notably in the optical spectrum, with a variety of solids and liquids serving as the nonlinear dielectric material.
In the visible spectrum, PCR material have found use as cavity resonators, in real time image processing and photolithography. INTRODUCTION Phase conjugate reflection (PCR) is a general technique incorporating assorted nonlinear effects to produce electromagnetic waves that retrace their paths exactly and undergo phase conjugation. 1 ' 2 PCR via the almost degenerate four wave mixing (ADFWM) is generated in the following manner: (See Fig. 1 Figure 1 . Geometry of phase conjugate reflection from a plasma A strong pump wave mixes with a weak signal wave, in a nonlinear medium (the plasma), to generate a density modulation (the "grating"). A second strong pump wave illuminates this grating and is Bragg diffracted from it, generating a fourth beam, which is the phase conjugate of the signal. The signal frequency is slightly shifted with respect to the pumps and so is the PCR beam.
The phase conjugation phenomena has been documented extensively, most notably in the optical spectrum, with a variety of solids and liquids serving as the nonlinear dielectric material. In the visible spectrum, PCR materials have found use as cavity resonators, in real time image processing and photolithography. 4
For longer wavelengths, PCR has not been realized.
Recently, however, the use of plasma has been suggested as a candidate for PCR. 3 The plasma has long been recognized as a nonlinear medium, in particular for generating wave-mixing effects. 5 Degenerate FWM has attraçted considerable attention in optical PCR,6 and has been suggested for plasmas as well.
In degenerate four wave mixing, all frequencies are equal. Another technique, the doubly DFWM, has been also suggested in plasmas,3 including the possibility of exciting the ion acoustic resonance.
The possibility of exciting the ion acoustic wave by two pole rful microwave beams with a slightly different frequency was demonstrated by Pawley et al.lu More recentlX an investigation of PCR by ADFWM of microwaves in a plasma has been undertaken at UCI. " This work shows that highly amplified PCR can be achieved by tuning the frequency difference between the pump and signal waves to resonate with the ion acoustic mode of the plasma.
Experimental work to verify this possibility has been initiated.
2.
DESCRIPTION OF THE SYSTEM
We consider a fully ionized plasma in a volume V. The average density, no, of electrons is equal to that of the singly ionized ions. The electron temperature is Te, and that of the ions is T1.
The plasma is assumed to be homogenous and no external magnetic field is present. Three electromagnetic (EM) waves of similar frequencies are sent into the plasma, as depicted in Fig. 1 .
The EM waves are arranged so that two counter -moving pump-waves, a and b, with frequency w = wb and wave vector ka = -kb run in the plasma and a third wave, the signal wave, s, witR a slightly different frequency, w = w + 0, is incident on the plasma in a different direction.
A fourth wave, c, is generates by the stimulated plasma in the opposite direction of the signal wave.
We shall consider here only the case when the three incident waves are almost degenerate in their frequencies, i.e. A x O. Together with the generated fourth wave we have a system of so-called Four Wave Mixing (FWM), with the plasma playing the role of the nonlinear medium.
3.
MAIN POINTS OF THE THEORY
The theory in great detail was given in Reference 8 and in somewhat shorter form in 7.
The main points will be quoted here.
Plasma density fluctuation, due to the interaction of the pump wave (a) and the signal (s) with the plasma, is given by Where e(k,w) is the dielectric response function of the plasma:
w2 k2
and m, w , M, w are the electron mass and plasma frequency and the ion mass and plasma frequencey respeLtively.
w is the ion acoustic frequency.
waves are the pump and signal frequencies. ke is the inverse Debye wave length and Pa is the damping factor of the ion acoustic wave, which occurs at: For longer wavelengths/ PCR has not been realized. Recently/ however/ the use of plasma has been suggested as a candidate for PCR. 3 The plasma has long been recognized as a nonlinear medium/ in particular for generating wave-mixing effects.
Degenerate FWM has attracted considerable attention in optical PCR/" and has been suggested for plasmas as well. 3
In degenerate four wave mixing/ all frequencies are equal. Another technique/ the doubly DFWM/ has been also suggested in plasmas/ 3 including the possibility of exciting the ion acoustic resonance.
The possibility of exciting the ion acoustic wave by two powerful microwave beams with a slightly different frequency was demonstrated by Pawley et al.-*-"
More recently an investigation of PCR by ADFWM of microwaves in a plasma has been undertaken at UCI. 7 ' 9 This work shows that highly amplified PCR can be achieved by tuning the frequency difference between the pump and signal waves to resonate with the ion acoustic mode of the plasma. Experimental work to verify this possibility has been initiated.
DESCRIPTION OF THE SYSTEM
We consider a fully ionized plasma in a volume V. The average density/ no / of electrons is equal to that of the singly ionized ions. The electron temperature is Te / and that of the ions is Tj. The plasma is assumed to be homogenous and no external magnetic field is present. Three electromagnetic (EM) waves of similar frequencies are sent into the plasma, as depicted in Fig. 1 . The EM waves are arranged so that two counter-moving pump-waves/ a and b/ with frequency GO = 00, and wave vector k a = -k b run in the plasma and a third wave/ the signal wave/ s/ witn a slightly different frequency/ u) g = GO + A/ is incident on the plasma in a different direction. A fourth wave/ c/ is generated by the stimulated plasma in the opposite direction of the signal wave.
We shall consider here only the case when the three incident waves are almost degenerate in their frequencies/ i.e. A * 0. Together with the generated fourth wave we have a system of so-called Four Wave Mixing (FWM)/ with the plasma playing the role of the nonlinear medium.
MAIN POINTS OF THE THEORY
The theory in great detail was given in Reference 8 and in somewhat shorter form in 7. The main points will be quoted here.
Plasma density fluctuation/ due to the interaction of the pump wave (a) and the signal (s) with the plasma/ is given by Where K is the gain factor and is given by: 2 Here ro = e and the zero subscript stands for the pump waves. = tgKL ( 5) where L is the interaction length of the waves and the plasma.
If KL is made to approach n /2, the gain can grow very significantly. 4 .
THE EXPERIMENTAL SETUP
To demonstrate the validity of the theoretical results quoted above, we are currently building an experiment to generate the phase conjugated beam. The experiment is described in Fig. 2 . Four hydrogen pulsed plasma guns fill up a cylindrical chamber with plasma of density 1011 1013.
A 60 GHz microwave interferometer monitors the plasma density. A high power, 35 GHz magnetron is used to generate the pump waves and the signal. As displayed in Fig. 2 , the magnetron power is split into two equal parts to form the pump waves which enter the chamber through a horn lens which transmits plane waves. A 20 dB directional coupler is used in the left arm to monitor the magnetron power and in the right arm to generate the signal.
The frequency difference between the pump and the signals required to excite the ion acoustic wave will hopefully result from the natural spectral bandwidth of the magnetron.
Otherwise, a mixer shown in Fig. 2 will be needed to shift the signal frequency.
Another high directivity directional coupler is used to distinguish the reflected beam from the ongoing signal beam. A pickup probe will be used to measure the existence of the ion acoustic wave.
A four -channel digital oscilloscope is used to monitor the plasma
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The reflected electric field -E C is given by:
Where K is the gain factor and is given by:
Here r and the zero subscript stands for the pump waves.
The gain at the entrance to the plasma, z = 0, is given by
where L is the interaction length of the waves and the plasma.
If <L is made to approach n/2, the gain can grow very significantly.
THE EXPERIMENTAL SETUP
To demonstrate the validity of the theoretical results quoted above, we are currently building an experiment to generate the phase conjugated beam. The experiment is described in Fig. 2 . Four hydrogen pulsed plasma guns fill up a cylindrical chamber with plasma of density 10 -f 10 . A 60 GHz microwave interferometer monitors the plasma density. A high power, 35 GHz magnetron is used to generate the pump waves and the signal. As displayed in Fig. 2 , the magnetron power is split into two equal parts to form the pump waves which enter the chamber through a horn lens which transmits plane waves. A 20 dB directional coupler is used in the left arm to monitor the magnetron power and in the right arm to generate the signal. The frequency difference between the pump and the signals required to excite the ion acoustic wave will hopefully result from the natural spectral bandwidth of the magnetron. Otherwise, a mixer shown in Fig. 2 will be needed to shift the signal frequency.
Another high directivity directional coupler is used to distinguish the reflected beam from the ongoing signal beam. A pickup probe will be used to measure the existence of the ion acoustic wave. A four-channel digital oscilloscope is used to monitor the plasma density, input µW power, ion acoustic waves and reflected signals. 5 .
ESTIMATE OF TYPICAL PARAMETERS
An estimate of the gain, tgKL, can give a good prediction about the possibility of generating the phase conjugate reflection in our experiment.
To estimate K in Eq. (4) for the parameters of our experiment, we take: ro = 2.8 x 10 -13, Te = 2 ev, o = 1 cm
The power in each pump wave is up to 20 kW, which yields Eo2 /mc2 = 6 x 105
We take ße2 = . 1 (n = 1012, fo = 30 GHz) and assuming Landau damping w 0
We get K = .09 and L = 15 cm, yields KL = 1.35 or Gain = tgKL = 4.7.
This value should clearly be observable.
Another important factor is a typical excitation time (T) of the ion acoustic waves. This is important for the determination of the minimum length of the microwave pulse. We take Te = 2 ev, q = Ika -ksI -2n cm -1.
We get Vth = 6 x 107, Cs -105, f = w /2n = 2 MHz. T = 1/6) = .1 µs.
We choose a pulse length of 10T = 1 µs. 6 .
DISCUSSION
In conclusion, our theory predicts that a plasma with easily -attainable properties can be used as an effective nonlinear medium for a phase conjugate reflector of electromagnetic waves in the subcentimeter region of wavelengths. We have exhibited that by tuning the signal frequency to be slightly shifted with respect to the pump waves, so that the ion acoustic mode of the plasma is excited, the reflected phase conjugate wave can be significantly enhanced, and amplification occurs.
We described an experimental setup that is currently built in our lab to demonstrate the phase conjugation.
Phase conjugate reflection of microwaves opens up a new technology with many applications.
Since the amplification in Eq. (5) can considerably exceed unity, a cavity can be formed from a phase conjugate reflector and a simple mirror. Such a cavity is a broad -band microwave amplifier, and if the amplification exceeds the mirror losses, it is a self-exciting laser.
If the mirror is replaced by a set of two mirrors, forming a FabryPerrot etalon, a narrow -band amplifier results.
In cancer hyperthermia therapy, a microwave beam is concentrated at a tumor inside the patient's body. Because of local changes in the index of refraction, it is hard to obtain good concentration of the radiation on the tumor. With a phase conjugate reflector near the patient's body, and a small source inserted into the tumor, the radiation will first make its way out, then be amplified and retrace exactly its path into the body, thus overcoming any irregularities in the index of refraction.
In a somewhat similar way, energy can be transferred from a terrestrial power station energizing a plasma phase conjugate reflector, to an orbiting satellite provided by a weak microwave transmitter. Similarly, a solar energy satellite can send energy to a terrestrial station in the form of a self -guiding, phase conjugate, amplified reflected wave. More generally, power can be transmitted from point to point in response to a weak guiding signal.
Another possible use is amplification and refocusing of a radar signal into the source for jamming. density, input jiW power , ion acoustic waves and reflected signals.
ESTIMATE OF TYPICAL PARAMETERS
An estimate of the gain, tgicL, can give a good prediction about the possibility of generating the phase conjugate reflection in our experiment.
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We take ^j = .1 (n = 10 , f =30 GHz) and assuming Landau damping % We get K = .09 and L = 15 cm r yields <L = 1.35 or Gain = tgicL = 4.7.
Another important factor is a typical excitation time (T) of the ion acoustic waves. This is important for the determination of the minimum length of the microwave pulse. We take T = 2 ev, q = Ik -k I ~ 2-rc cm" . e 'as 1
We get v th = 6 x 10 7 , C g ~ 10 5 , f = o>/2Tc = 2 MHz. T = 1/w = .1 us.
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DISCUSSION
In conclusion, our theory predicts that a plasma with easily-attainable properties can be used as an effective nonlinear medium for a phase conjugate reflector of electromagnetic waves in the subcentimeter region of wavelengths. We have exhibited that by tuning the signal frequency to be slightly shifted with respect to the pump waves, so that the ion acoustic mode of the plasma is excited, the reflected phase conjugate wave can be significantly enhanced, and amplification occurs.
Phase conjugate reflection of microwaves opens up a new technology with many applications. Since the amplification in Eq. (5) can considerably exceed unity, a cavity can be formed from a phase conjugate reflector and a simple mirror. Such a cavity is a broad-band microwave amplifier, and if the amplification exceeds the mirror losses, it is a self-exciting laser. If the mirror is replaced by a set of two mirrors, forming a FabryPerrot etalon, a narrow-band amplifier results.
In a somewhat similar way, energy can be transferred from a terrestrial power station energizing a plasma phase conjugate reflector, to an orbiting satellite provided by a weak microwave transmitter. Similarly, a solar energy satellite can send energy to a terrestrial station in the form of a self-guiding, phase conjugate, amplified reflected wave. More generally, power can be transmitted from point to point in response to a weak guiding signal. Another possible use is amplification and refocusing of a radar signal into the source for jamming.
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